We have measured the effect of temperature and denaturant concentration on the rate of intrachain diffusion in an unfolded protein. After photodissociating a ligand from the heme iron of unfolded horse cytochrome c, we use transient optical absorption spectroscopy to measure the time scale of the diffusive motions that bring the heme, located at His18, into contact with its native ligand, Met80. Measuring the rate at which this 62 residue intrachain loop forms under both folding and unfolding conditions, we ®nd a signi®cant effect of denaturant on the chain dynamics. The diffusion of the chain accelerates as denaturant concentration decreases, with the contact formation rate approaching a value near $6 Â 10 5 s À1 in the absence of denaturant. This result agrees well with an extrapolation from recent loop formation measurements in short synthetic peptides. The temperature dependence of the rate of contact formation indicates an Arrhenius activation barrier, E a $ 20 kJ/mol, at high denaturant concentrations, comparable to what is expected from solvent viscosity effects alone. Although E a increases by several k B T as denaturant concentration decreases, the overall rate of diffusion nevertheless increases. These results indicate that inter-residue energetic interactions do not control conformational diffusion in unfolded states, even under folding conditions.
Introduction
New spectroscopic techniques for studying protein folding have clearly demonstrated that the most rapid stages of in vitro folding occur on microsecond, or even nanosecond, time-scales. 1 The observation of such rapid dynamics, and the ®nding that some proteins can actually attain a native structure in less than a millisecond, raises the question of what ultimately limits the speed of protein folding. The rate of intramolecular diffusion de®nes one important time-scale: if a polypeptide can only fold as fast as it can form its shortest internal loops, then the rate of intrachain contact formation in a randomly coiled molecule can present an upper limit to the speed of protein folding. 2 A study of unfolded cytochrome c provided the ®rst estimate of this diffusional``speed limit'' for protein folding:
2,3 the formation of a 62-residue intrachain loop that joins the heme iron (at His18) of horse cytochrome c with its native ligand, Met80, can be triggered and detected by optical spectroscopy. 4 Under unfolding conditions, diffusion of the randomly coiled polypeptide brings Met80 into contact with the heme iron at a rate $(2.5-2.9) Â 10 4 s À1 . Based on this result, a simple scaling model then suggested that the shortest loops commonly found in protein structures (n 6-10 residues) should form at a rate no greater than $(0.3-1) Â 10 6 s
À1
; thus intrachain diffusion should not allow a protein to fold in less than about 1 ms.
This prediction raises the question of how the rate of contact formation between distinct sites on an unfolded chain depends on the length of the intervening segment of chain, its amino acid composition, and the solvent conditions, including temperature and denaturant concentration. Two recent studies used the transfer and quenching of tripletstate excitation to measure the rate of end-to-end contact formation in short synthetic peptides of varying length. 5, 6 In both experiments, glycine-rich chains consisting of about ten peptide bonds formed end-to-end loops at rates >1 Â 10 7 s
. This rate signi®cantly exceeds the prediction from the cytochrome c result, and probably indicates at the very least that chain composition will strongly in¯uence the upper limit for protein folding speed.
Previous studies have not, however, investigated the role of denaturant and temperature on the rate of loop formation. Since the cytochrome c study was conducted under unfolding conditions (4.6-5.6 M GdnHCl, pH 6.5, 40 C), one might anticipate that lower temperatures or denaturant concentrations may enhance the in¯uence of intrachain interactions, with consequences for the diffusional rate of the polypeptide chain. A current view of protein folding holds that solvent-averaged, non-native intrachain interactions, e.g. hydrogen bonds, hydrophobic interactions, etc., in unfolded states create``roughness'' in the free energy surface that may impede the conformational diffusion of a molecule toward its native con®guration. This may also give rise to nonArrhenius temperature-dependence in the folding kinetics 7 and in conformational diffusion. 8 Although computer simulations clearly indicate that such interactions should have strong effects on the dynamics of folding, relatively few experiments have provided much insight into the magnitude of roughness effects in real proteins. 9 One may therefore ask whether the removal of denaturant and the restoration of folding conditions in fact slows the intrachain diffusion of cytochrome c, and whether it leads to any qualitative changes in the temperature dependence of this diffusion.
This work examines the effect of denaturant and temperature on the rate of intrachain loop formation in cytochrome c. In the native state, the heme iron of horse cytochrome c has two axial ligands, the imidazole group of His18 and the sulfur ion of Met80. 10 Met80 dissociates from the heme in the denatured protein, but the heme remains covalently attached to the polypeptide chain at His18 and through thioether links at Cys14 and Cys17. In its Fe(II) state, the heme iron of unfolded cytochrome c can reversibly bind exogenous ligands such as CO in place of Met80. It can also bind intrachain ligands such as Met80, Met65, His26, or His33. If CO is bound to the iron, photodissociation of CO then allows transient binding of the intrachain ligands to the heme, prior to the eventual rebinding of CO. But while binding of His26 and His33 to the heme is rate-limited by the relatively slow formation of the covalent link, heme-methionine binding is nearly diffusion-limited; 2,3 thus, the rate of Met80 or Met65 loop formation primarily re¯ects the rate of intrachain diffusion of the polypeptide, rather than the rate of heme-ligand chemistry. Using a nanosecond laser to photodissociate the CO ligand from the heme iron, we can then collect transient optical absorption spectra in the heme Soret region and detect the formation of the heme-methionine bond. 4 From the observed rate, and from a knowledge of the intrinsic heme-methionine binding rates, we then calculate the rate of the intramolecular motions that bring Met80 into proximity with the heme iron.
With this technique, we can measure the rate of heme-Met80 contact formation in the unfolded protein, even under solution conditions that correspond to a thermodynamically stable native state. In the absence of CO, Fe(II) cytochrome c unfolds at $5 M GdnHCl, at 40 C and neutral pH; at $4 M GdnHCl at 40 C, fewer than 1 % of cytochrome c molecules would remain unfolded at equilibrium in the absence of CO. However, the CO ligand destabilizes the folded state, shifting the unfolding transition to $3.5 M GdnHCl. 4, 11, 12 Photodissociation of CO from unfolded cytochrome c at GdnHCl concentrations near 4-5 M therefore initiates intrachain loop formation phenomena on microsecond time-scales, and would lead also to folding on millisecond timescales, 4, 11, 13, 14 if CO recombination did not occur ®rst. Figure 1 shows typical transient optical absorption spectra A(l,t) measured after a CO ligand is photodissociated from the heme iron of cytochrome c unfolded in guanidine hydrochloride (GdnHCl). Immediately after photodissociation (t $ 10 ns), the sample exhibits the high-spin ferrous deoxyheme Soret spectrum, with a broad low peak near 425 nm. At long times (t $ 1 ms), CO recombination with the heme produces the lowspin carbonmonoxyheme spectrum with its narrow peak near 413 nm. The transient spectra at intermediate times appear to exhibit two nearly isosbestic points in sequence, ®rst near 424 nm and then near 419 nm; this suggests that about three spectroscopically distinct species account for most of the observed spectral changes. More detailed analysis by singular value decomposition (SVD; see Materials and Methods) in fact shows that A(l,t) contains four independent spectra: each set of absorption difference spectra, ÁA(l,t) A(l,t) À A(l,0 À ), contains three independent spectral components, each with its own time dependence.
Results

Kinetic phases
We ®rst analyzed the Soret spectral changes by reconstructing each set of difference spectra as a series of four exponential relaxations: ÁA(l,t) AE i 1-4 B i (l) exp(Àt/t i ) (see Materials and Methods). Figure 2 shows the time constants t 1 , t 2 , and t 3 that result from such a ®t (t 4 5 10 Â t 3 is not shown); the associated B i (l) appear in previously published studies of CO-cytochrome c photodissociation. 15 The ®rst relaxation, at t 1 $ 10 À6 À 10 À5 second, corresponds to the appearance of a weak maximum near 420 nm in A(l,t). Previous work strongly indicates that this phase corresponds to the transient binding of intrachain methionine residues (Met80 and Met65) to the heme iron, since (1) the transient spectrum developing at t 1 closely resembles the Soret spectrum of native cytochrome c, in which Met80 forms the heme axial ligand on the distal side; 4 (2) the t 1 relaxation was not observed in cytochrome c samples in which Met65 and Met80 were carboxymethylated; 3 and (3) time-resolved magnetic circular dichroism studies, along with equilibrium studies of model systems, appear most consistent with a methionine ligand at the heme during this phase. 15, 16 Based on this evidence, we interpret t 1 as heme-methionine intrachain loop formation in the unfolded protein.
A second, weaker relaxation occurs in the spectra on a time-scale t 2 $ 10 À4 À 10 À3 second; previous authors attributed this phase to the transient binding of intrachain His26 or His33 to the heme. 4, 15 Mutation studies further suggest that His33, rather than His26, is primarily responsible. 17 The heme-histidine loops form more slowly than the heme-methionine loops, despite their shorter length, because of intrinsically slower heme-histidine reaction chemistry. 3 The third and fourth exponential phases (t 3 and t 4 ) coincide with the recovery of the equilibrium carbonmonoxyheme spectrum. Chen et al. 15 found that both t 3 and t 4 vary with CO partial pressure, indicating that both phases arise from the recombination of CO. For example, t 3 may correspond to bimolecular recombination of CO with the 5-coordinate heme, while t 4 may correspond to the displacement of Met80 by CO in molecules that progressed to the native state after photodissociation.
Extraction of loop formation rates
The t 1 data of Figure 2 show that the methionine-binding process accelerates roughly ®vefold over a temperature range of C, and also accelerates with decreasing denaturant concentration. However, the optical absorption spectrum at t $ t 1 (i.e. at t $ 10
À5
-10 À4 second) varies little with experimental conditions, indicating that the overall degree of methionine binding (after photodissociation of CO) does not vary greatly with temperature or denaturant. Thus, the data initially suggest that temperature and denaturant affect both the rate of formation (k M80 ) and the rate of dissociation (k ÀM ) of the heme-Met80 link, but only weakly affect the association constant, k M80 /k ÀM .
We used the kinetic model of Scheme I (Figure 3 ) to analyze the spectroscopic data more quantitatively. Photodissociation of the iron-CO bond at t 0 creates the 5-coordinate deoxyheme state. The heme iron can then bind transiently to Met80 and Met65, as diffusion of the polypeptide chain brings these into proximity. Both methionine residues dissociate from the heme iron at a rate k ÀM , but Scheme I provides for different rates, k M80 and k M65 , for the binding of Met80 and Met65 to the heme. We cannot expect to distinguish between the Met80-and Met65-coordinated hemes in optical absorption spectra; the spectra can reveal only a single overall rate (1/t 1 ) and equilibrium constant for the binding of intrachain methionine to the heme under a given set of experimental conditions. In order to separately obtain k M80 and k M65 , our model therefore ®xes the ratio k M80 / k M65 0.66. This choice of the ratio assumes slightly faster binding of Met65 than Met80, and arises from a simple Gaussian chain model of loop formation (see Discussion). With this ratio ®xed, the analysis of t 1 and the observed spectra according to Scheme I yields separate values for k M80 , k M65 , and k ÀM (see Materials and Methods). In what follows we discuss k M80 , although similar conclusions will apply to k M65 . Like the kinetic model described by Jones et al.,
4
Scheme I also allows an intrachain heme-histidine complex to form at a rate k H and dissociate at a rate k ÀH , and bimolecular CO recombination occurs at a rate k CO . Finally, Scheme I includes only the rapid intrachain dynamics following photolysis; it does not include a route to the folded state on longer time-scales: although the native fold is thermodynamically stable under some of our experimental conditions, we expect little if any folding on loop-formation time-scales ($10 À6 -10 { We note that Goldbeck et al. 16 have argued that a heterogenous description more accurately reproduces certain features of the heme-His transient MCD spectrum. For modeling heme-methionine contacts, we consider Scheme I adequate.
Rate of Intrachain Contact Formation
The kinetic equations for Scheme I generate about three sequential exponential relaxations, in good agreement with the spectroscopic data between t % 10 ns and t $ 1 ms (i.e. t5t 4 ). Fitting each set of transient spectra, representing a ®xed temperature and denaturant concentration, to Scheme I (see Materials and Methods), we ®nd that k M80 and k ÀM both increase as temperature (T) increases or as denaturant concentration decreases. Figure 4 shows k M80 and the ratio k M80 /k ÀM and supports the initial conclusion that the loop formation probability varies little with experimental conditions. Although k M80 /k ÀM decreases with increasing T in 4.4 M GdnHCl (indicating a lower probability of heme-methionine contact at higher T), the data at higher denaturant concentrations reveal very little temperature or denaturant-dependence in k M80 /k ÀM .
Rate of chain diffusion
Formation of the heme-methionine loop requires diffusion of the polypeptide chain, followed by the formation of an iron-sulfur covalent bond. Therefore the rate of intrachain diffusion must exceed, to some extent, the rate of loop formation, k M80 , obtained above. Here we account for the speed of the heme-methionine chemistry and calculate the chain diffusion rate from the measured loop formation rate. We adopt the approach of Wang & Davidson, 18, 19 who studied an analogous loop-formation process, the cyclization of l DNA. The formation of the intramolecular link in the polypeptide is described as a two-step process:
His18-Fe-Met80
Rate k 1 characterizes the diffusive motion of the randomly coiled polypeptide that leads to an intermediate encounter complex, a con®guration of the chain in which Met80 makes contact with the heme iron but has not yet bound. The encounter complex can proceed to form the covalently linked complex, at a rate k 3 , or else the loop may diffuse apart, at a rate k 2 . The covalent link breaks spontaneously at a rate k 4 . The steady-state approximation then gives the overall rates of Met80 binding and dissociation:
We can then ®nd the rates k 1 and k 2 , describing diffusion of the polypeptide chain, from the measured rates k M80 and k ÀM :
Since k 3 and k 4 describe only the rate of hememethionine chemistry, independent of the process that brings the two reactants into proximity, we can estimate their values by measuring the rate at which free methionine binds from solution to a heme-containing fragment of cytochrome c. 2, 3 This analysis (see Materials and Methods) gives k 3 in excess of 5 Â 10
10 s À1 at all T studied, and 
5 . We insert k 3 , k 4 , k M80 , and k ÀM into equation (2) and obtain k 1 and k 2 , the rates of the diffusional motion of the polypeptide chain that brings Met80 into and out of close proximity with the heme in the unfolded molecule. Figures 4 and 5 show generally similar magnitudes for k 1 and k M80 , essentially because the covalent binding step (k 3 ) occurs so rapidly that the rate of chain diffusion k 1 controls the loop formation rate k M80 .
2,3
Discussion Equilibrium constant for loop formation
We ®rst compare our measured equilibrium constant for loop formation, k M80 /k ÀM , with that expected if the unfolded cytochrome c adopts a random coil con®guration. If the polypeptide resembles a Gaussian random coil, the encounter complex between the heme and Met80 forms with a probability:
Here, L hr 2 i 1/2 is the rms straight-line distance between His18 and Met80, and the encounter complex is de®ned as any con®guration of the chain that brings the heme iron and its ligand into the same small volume v s . Equation (1) gives the loop formation probability k M80 /k ÀM :
We can estimate (k 3 /k 4 )v s from the known equilibrium constant for the bimolecular binding of heme and methionine. That equilibrium constant is the bimolecular analog of equation (3):
. For free methionine binding to an Fe(II)-heme peptide, Tezcan et al. 21 report K bimolecular % (2.4 mM) À1 , i.e. v s (k 3 /k 4 ) % 6.9 Â 10 À19 cm 3 , at %20 C. We can estimate L for an idealized polypeptide chain of typical amino acid composition unfolded in GdnHCl. Early studies of proteins unfolded in high concentrations of GdnHCl established that the chain dimensions approximate those expected for ran- Rate of Intrachain Contact Formation dom coils: the mean-squared separation between endpoints of a chain of n amino acid residues is approximately L 2 % n (0.95 À 1.15 nm) 2 , but varies with chain composition, solution conditions, etc. 22 For the n 62 residue segment between Met80 and the heme at His18, we then expect k M80 /k ÀM % 0.3 À 0.55. By comparison, Figure 4 shows k M80 /k ÀM % 0.2 À 0.35 at 22 C, in GdnHCl concentrations of 4.4-7.4 M. Thus the data agree roughly with a random coil con®guration of the unfolded protein: they fall below the predicted value, but the prediction employs the most idealized description of the unfolded chain. The unperturbed Gaussian random coil model ignores the excluded volume of the chain as well as any differences between the statistical mechanics of internal versus end-to-end loops. The generally weak temperature dependence of k M80 /k ÀM (Figure 4) , which falls by 1-2 % per degree C in 4.4 M GdnHCl, suggests (through equation (3)) that the dimension L of the unfolded chains increases by less than $1 % per degree C between 25 and 45 C. At higher GdnHCl concentrations, k M80 /k ÀM varies even less with temperature and denaturant; consistent with X-ray studies 23 showing that guanidine concentration does not signi®cantly affect the dimensions of unfolded cytochrome c. Therefore, temperature and denaturant effects on the chain diffusion rate k 1 should re¯ect changes in the dynamics of the molecule, rather than systematic changes in its average dimensions.
The rate of chain diffusion Figure 6 compares our results for k 1 with those obtained in recent studies on short peptides. Several authors have analyzed the theoretical problem of diffusion-controlled loop formation in biopolymers. 24 ± 29 The rate k 1 is determined by thē exibility and mobility of the unfolded chain, and by the average dimensions of the unfolded molecules. Szabo et al. 26 modeled the dynamics of the end-to-end distance r of a Gaussian random coil as the three-dimensional diffusion of a particle on a harmonic energy surface U G r 2 : the particle moves on this surface with a diffusion constant D, and its approach towards the origin (or more precisely the approach of r towards a value a, where a5L and v s 4p a 3 /3) corresponds to the formation of a contact between the two ends of the chain. The characteristic loop formation time, 1/k 1 , is the mean ®rst passage time for the particle to reach r a:
Equation (4) introduces a phenomenological diffusion constant D to characterize the internal motions of the chain. This D need not equal the diffusion constant of a single amino acid molecule in solution, or of the center of mass of the unfolded molecule. Since L 2 G n for an unperturbed random coil, equation (4) predicts k 1 G n À3/2 . Cyclization studies on long synthetic polymers, such as polystyrene with n $100-2500, generally con®rm this behavior. 30 However, equation (4) presumably fails for the smallest values of n, as the intrinsic stiffness of the polypeptide chain will prevent loop formation;
28,29 a recent study on short peptides appears to con®rm that k 1 levels off for n 4 $ 10. 6 The dotted line in Figure 6 (b) extrapolates from the n $ 10-20 data of reference 6, according to k 1 G n À3/2 . This extrapolation predicts k 1 % 1.2 Â 10 6 s À1 for the n 62 loop of cytochrome c: our measured values of k 1 clearly fall short of this extrapolation. However, Figure 6 (a) shows that k 1 increases at low GdnHCl concentrations (see below). If we make the (admittedly long) extrapolation from 4 M to 0 M GdnHCl, Figure 6 (a) suggests a limiting value k 1 (n 62) % (6.0 AE 1.9) Â 10 5 s À1 at 40 C, in the absence of denaturant. This value lies within a factor of 2 of the dotted line of Figure 6(b) .
The amino acid composition of the polypeptide chain probably accounts for the remaining difference. While the 62 residue loop connecting His18 and Met80 of cytochrome c consists of 15 % glycine, the short n data of Figure 6 (b) was acquired on peptides of 30-50 % glycine: Bieri et al. 5 measured the rate of end-to-end contact formation by studying triplet-triplet energy transfer from a thioxanthone donor D to a napthylalanine acceptor A in synthetic peptides consisting of D-[Gly-Ser] n -A; Lapidus et al. 6 measured contact formation by observing the contact quenching of the tryptophan triplet state by cysteine in peptides of Cys-(Ala-Gly-Gln) N -Trp. Equation (4) indicates that k 1 varies inversely as L 3 , where L for a Gaussian chain depends on the chain¯exibility through L 2 C n l 2 . 31 Here l % 0.38 nm is the C a -C a distance and C is Flory's characteristic ratio. Thus k 1 GC À3/2 C falls dramatically upon the introduction of glycine into the chain; the presence of $33 % glycine residues decreases C to $0.5 of its value for a chain containing $15 % glycine. 31 This implies (through equation (4) . Thisestimate agrees well with our extrapolation to zero denaturant ( Figure 6(a) ); thus we ®nd a satisfactory agreement between the loop formation rates measured in short and long chains.
Temperature and solvent-dependence of chain diffusion
Since the folded state of Fe(II) cytochrome c becomes thermodynamically stable at 5 M GdnHCl 4,11 at 40 C, our data at lower temperatures and denaturant concentrations include conditions where the polypeptide could fold after photodissociation of the CO, if not for the recombination of CO. We can therefore ask whether the loop formation kinetics differ above and below the equilibrium folding transition: do the intrachain interactions that stabilize the native state affect the diffusion of the unfolded chain? We ®rst estimate the conformational diffusion constant D of equation (4) . From equation (4) Thus one may interpret the increase of k 1 at low denaturant concentration as arising from a growing diffusion constant D. One might have anticipated that lower denaturant concentration would enhance the effect of random, non-native intrachain interactions, slowing the diffusion of the chain. The contrary experimental result probably cannot be attributed to a denaturant-dependent solvent viscosity. The viscosity of aqueous guanidine solutions increases by just a factor of 2 between 0 M and 7.4 M GdnHCl at 25 C. 33 Binding of denaturant to the unfolded chain, however, may slow its internal diffusion at high GdnHCl concentrations: denaturant molecules attached to the polypeptide chain may increase its effective hydrodynamic radius enough to slow its internal diffusion, but need not necessarily increase either the average end-to-end distance L or the molecule's center-of-mass diffusion constant.
Alternatively, the faster loop formation at low denaturant concentration may re¯ect a stronger thermodynamic driving force. Closing the intrachain loop presumably conceals certain hydrophobic regions from exposure to the solvent; this entropic effect accelerates the folding of many proteins at low denaturant concentrations. From the temperature-dependence of k 1 (or, equivalently, D), we can estimate the magnitude of the enthalpic barriers to diffusion of the unfolded chain in the vicinity of the folding transition. An Arrhenius ®t to the k 1 data of Figure 5 (a), near 20-45 C, indicates an activation energy E a À @ ln(k 1 )/@(1/k B T) % 19(AE5) kJ/mol at 7.4 M GdnHCl{, and E a %42(AE9) kJ/mol at 4.4 M GdnHCl ( Figure 5(b) ). Thus, removing denaturant appears to increase the activation energy for conformational diffusion by $23 kJ/mol, or $9 k B T.
Since the rate of diffusion should re¯ect both the strength of intrachain interactions and the viscosity of the solvent, we suggest that this activation energy contains a contribution E a 0 from the solvent viscosity and a contribution E a chain from the intrachain interactions of the polypeptide, giving a total activation energy E a E a 0 E a chain . The viscosity of water near room temperature can be characterized { The data do not allow us to con®rm either Arrhenius or non-Arrhenius kinetics. We note that in a non-Arrhenius model,
the data indicate E % 9-11 kJ/mol under folding conditions of 4.4 M GdnHCl.
Rate of Intrachain Contact Formation
by E a 0 %17 kJ/mol, so that E a chain %E a ÀE a 0 (2AE5) kJ/ mol, consistent with zero, at high [GdnHCl] . This increases to E a chain %25(AE9) kJ/mol at 4.4 M, where the native fold becomes stable. (This simple analysis does not consider any effect of denaturant on E a 0 or differentiate the activation energies above and below the folding temperature T f at each denaturant concentration.) Thus the energetic barriers may grow under folding conditions, although diffusion still occurs faster at low denaturant concentrations, i.e. these barriers do not control the rate of intrachain diffusion.
Conclusions
By examining the kinetics of contact formation in cytochrome c, we have measured the rate of intrachain diffusion of an unfolded protein under solvent and temperature conditions that span both sides of the unfolding transition. We ®nd that the 62 residue loop in cytochrome c forms at a rate fully consistent with extrapolations from short peptide data. Although this rate, and its value in the limit of very short chains, may de®ne one fundamental limit ($0.1-1 ms) to the speed of protein folding, recent studies suggest that kinetic barriers to the initial collapse of a polypeptide may impose a more signi®cant limitation ($50-100 ms) on folding speed.
36 ± 38 Therefore, diffusional contact formation may not represent the most important physical constraint on folding speed.
The rate of intrachain diffusion in the unfolded molecule accelerates signi®cantly as denaturant concentrations decrease, an effect that does not seem to result from changes in the dimensions of the unfolded chain. However, the Arrhenius temperature dependence of the diffusion rate gradually increases at lower denaturant. If we interpret this enthalpic contribution to the diffusion as an effect of non-covalent intrachain interactions, i.e.`l andscape roughness'', we conclude that the roughness grows as denaturant decreases, although it does not appear to control the conformational diffusion of the unfolded molecule under our experimental conditions. Like the kinetics of folding, the kinetics of intrachain loop formation may primarily re¯ect a single dominant barrier and give little indication of the presence of a more complicated energy landscape:
39 recent experimental work has shown that landscape effects do not necessarily generate non-exponential kinetics in folding, even at temperatures as low as $70 C below the folding transition temperature. 40 The observed acceleration of loop formation at low denaturant, in the presence of rising enthalpic barriers, may indicate that solvent entropy favors the formation of the intrachain contact, even if chain entropy does not; alternatively, denaturant interactions with the unfolded chain may signi®cantly impede the dynamics of chain motion. Studies at very low denaturant concentrations might begin to show a larger role for landscape effects, but would require a different experimental system. Although our results do not necessarily indicate the absence of roughness in unfolded states, they do suggest that non-Arrhenius kinetics and energetic frustration may play a more important role in compact con®gurations of a polypeptide. Studies of intrachain diffusion in molten globule proteins could offer the best perspective on energy landscape effects in the dynamics of polypeptide chains.
Materials and Methods
Sample preparation and instrumentation
Horse cytochrome c (Sigma-Aldrich) was used without further puri®cation. The protein was dissolved to a concentration of 70-100 mM in solutions containing variable concentrations of guanidine hydrochloride (GdnHCl, 99 %, from Sigma), and 100 mM citric acid buffer (pH 6.0). The GdnHCl concentrations were checked refractometrically. The samples were then passed through an 0.2 mm syringe ®lter and stirred under a¯ow of deoxygenated CO for 0.5 hour in a glove-box. A trace amount of sodium dithionite (Fluka) was then added to reduce the heme iron to Fe(II). Each sample was then loaded under 1 atm CO pressure into a quartz spectrophotometry cell (NSG Precision Cells) with 0.5 mm path length, sealed anaerobically, and equilibrated overnight. The equilibrium absorbance of the samples was close to 1.0 at the carbonmonoxyheme Soret peak.
The cuvette was then secured in a thermally regulated aluminum mount in an anaerobic box on an optical table. The sample temperature was controlled by thē uid¯ow from a circulating bath, and monitored by ®ne thermocouples (125 mm gauge, from Omega Engineering) attached to the mount and the cuvette surface. Cuvette temperatures were uniform and stable to AE 0.2 deg. C or better during each experiment. Pulses (l 532 nm) from an Nd:YAG laser (Spectra-Physics), at $4 mJ energy, 5-7 ns duration, and 0.33-10 Hz repetition rate, photodissociated the CO from the heme iron. At a variable time delay t after photolysis, a microsecond Xē ashlamp (EG&G) was triggered, producing a broadband probe light that was split and focused onto two points on the cuvette, in order to probe both photolyzed and unphotolyzed regions of the sample. Imaging optics collected the transmitted light and directed it through an imaging spectrometer (Acton) and onto a gated, intensi®ed CCD camera (Roper). The nanosecond gating of the ICCD allowed the collection of absorption spectra with time resolution of 10 ns or better, despite the $1 ms duration of the Xe¯ash. These spectra indicated that the sample was fully photolyzed by each Nd:YAG pulse{. The spectrometer and associated electronics operated under the control of a desktop computer, through a LabView (National Instruments) software interface.
C, the shape of the Soret spectrum of the immediate photoproduct suggests that a small fraction (up to $5 %) of the hemes are in a low-spin con®guration, indicating the presence of a ligand in the CO position. Similar spectra were observed at equilibrium in the Fe(II) cytochrome c octapeptide, and were attributed to partial ligation by H 2 O. 21 
Kinetic modeling of spectra
We collected time-resolved absorption difference spectra ÁA(l,t)A(l,t)-A(l,0 À ), where A(l,t) is the optical absorbance at wavelength l (390-450 nm) and pumpprobe time delay t. Each data set consisted of $90 difference spectra collected at logarithmically spaced delay times t between 10 ns and 0.3-1 second, at ®xed denaturant concentration and temperature. We used singular value decomposition (SVD) to reformulate each data set ÁA(l,t) as a product of three matrices, ÁA(l,t) u(l) s v(t) T . 41 The columns of u(l) are orthonormal spectra, while the columns of v(t) are orthonormal functions that describe the time evolution of the corresponding columns of u(l). A single column of u(l), together with its associated column of v(t), represents one component of the SVD of ÁA(l,t). The singular values s i , or diagonal elements of s, are ordered by decreasing size: we generally found s 2 and s 3 to be 2-7 % as large as s 1 , while s 4 (and successive components) were less than 1 % as large as s 1 and had signal-to-noise ratio less than unity. Thus each dataset contained, to a very good approximation, three signi®cant spectral components (Figures 7 and 8) .
The exponential decay constants t 1 , t 2 , t 3 , and t 4 of Figure 2 were obtained by ®tting the ®rst three SVD components, s i v i (t) (i 1-3), simultaneously to a sum of exponential decays:
Each decay constant t i corresponds to a spectral change B i (l), i.e. B(l) u(l) c and ÁA(l,t) AE i 1-4 B i (l) exp(Àt/t i ). We ®t each data set to the kinetic model of Scheme I, in which Met80 binds to the heme at rate k M80 and Met65 binds at a rate k M65 k M80 /r. We ®nd that the ®ts do not clearly favor a particular value of r, since similar kinetics occur for any value of r in the reasonable range of r $0.1-1: therefore we ®x r (47/62) 3/2 0.66, which equation (4) predicts as the ratio of binding rates for Met80 and Met65 to the heme at His18. The kinetic rate matrix of the deoxyheme/Met65/Met80 subsystem then has eigenvalues l 1 k ÀM (1 r À1 ) k M80 , and l 2 k ÀM . For the complete Scheme I, we expect roughly
Generating a set of time-resolved spectra according to Scheme I requires the ®ve independent rates (k M80 , k ÀM , k H , k ÀH , k CO ) and estimates of the deoxyheme, hememethionine, and Fe-His spectra. The spectrum of the initial deoxyheme photoproduct is a ®xed input to the model, obtained by adding the early-time difference spectrum to the equilibrium carbonmonoxyheme spectrum. The ®t generates the spectrum for the Fe-His complex; we parametrized the spectrum as a skewed Lorentzian in ®ve parameters, and the ®t estimated these parameters. Results agreed with published Fe(II) hemehistidine spectra.
3,4,42 The methionine-liganded heme spectrum is also a ®xed input, obtained as follows: The fastest exponential decay t 1 in the data corresponds to the replacement of the deoxyheme by the methionine complex. Thus B 1 (l) is proportional to the deoxyheme minus methionine-heme difference spectrum. We obtained the methionine-heme spectrum by adding B 1 (l) to the known deoxyheme spectrum until the result generated the best ®t to reference Fe(II) heme-methionine spectra; we obtained reference spectra from our measurements of native cytochrome c and from published sources. 3, 4, 42 We found very good agreement between the observed transient spectra and the ®t to Scheme I. The slow t 4 process, which is presumably related to refolding/unfolding kinetics omitted from Scheme I, erodes the quality of ®ts that include millisecond time-scales (although it does not affect our analysis of the very fast heme-Met80 loop kinetics). Fits were therefore restricted to include times t 10 ns to t 5 200 ms; each ®t involved one set of experimental conditions (temperature and denaturant) and typically 5432 absorbance values, i.e. 56 times and 97 wavelengths in the range of l 395-445 nm. The sum of squares, de®ned as AE t,l (A measured (t,l) (ÀA ®t (t,l)) 2 , ranged from 0.023 to 0.17, with an average value of 0.045. We found no clear correlation between the sum of squares and the solvent conditions. Figures 7 and 8 show the SVD of a dataset for which the quality of ®t was average.
Estimation of the heme-methionine binding rates
We estimated the chemical binding and dissociation rates k 3 and k 4 from the rate of bimolecular binding of free N-acetyl-L-methionine (Sigma) to Fe(II) microperoxidase-11 (Sigma), a heme-containing peptide obtained by the enzymatic cleavage of horse cytochrome c. We measured the bimolecular binding rate in 5.9 M GdnHCl for T 22-45 C, and found k bi (1.5 AE 0.04) Â 10 8 M À1 s À1 at 22 C, which rises to (2.1 AE 0.2) Â 10 8 M À1 s À1 at 40 C. We use the bimolecular analogy of equation (1) to estimate k 3 from k bi , which gives:
Here k 1 bi and k 2 bi represent bimolecular (not intrachain) diffusion, and we use k 1 bi 2pD 0 a and k 2 bi 3 D 0 /a 2 , where D 0 is the bimolecular diffusion constant and a is the reaction radius. This differs from the usual k 1 bi 4pD 0 a because methionine can bind only to the distal side of the heme iron. Using these relations and the values a 0.15 nm for a heme-ligand reaction 43 and D 0 % 6.8 Â 10 À6 cm 2 s À1 for free methionine at T 22 C, we ®nd k 3 % 6.1 Â 10 10 s
À1
; for T 40 C this becomes k 3 % 9.0 Â 10 10 s
. We can estimate k 4 from the association constant K bimolecular of free methionine to the Fe(II) heme. Our rate studies at 5.9 M GdnHCl indicate K bimolecular % 3(AE1) mM À1 at 22 C, while equilibrium studies ®nd K bimolecular 2.4 mM À1 . 21 Since the Tezcan et al. value, measured in water, matches our value in 5.9 M GdnHCl, we conclude that K bimolecular for methionine does not vary greatly with GdnHCl. This was already shown for histidine ligands. 44 We ®nd only a weak temperaturedependence in K bimolecular . Using the association constant of Tezcan et al., 21 .
